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Reading is resilient to distortion of letter order within a word. This is evidenced in the “transposed-letter
(TL) priming effect,” the finding that a prime generated by transposing adjacent letters in a word (e.g.,
jugde) facilitates recognition of the base word (e.g., JUDGE), more than a “substituted-letter” control
prime in which the transposed letters are replaced by unrelated letters (e.g., junpe -JUDGE). The TL
priming effect is well documented for European languages that are written using the Roman alphabet.
Unlike these languages, Arabic has a unique position-dependent allography whereby some letters change
shape according to their position within a word. We investigate the TL priming effect using a lexical
decision (Experiment 1) and a same–different match task with Arabic words (Experiment 2) and
nonwords (Experiment 3). No TL priming effects were found in Experiment 1, suggesting that the
lexical-decision task engages lexical access processes that are sensitive to the Semitic nonlinear
morphological structure. Experiments 2 and 3 revealed a robust TL priming effect overall. Nonallo-
graphic TL primes produced significantly larger facilitation than allographic TL primes, indicating that
Arabic readers use allographic variation to resolve the uncertainty in letter order during the early stages
of orthographic processing. The implication of these results for current letter position coding models is
discussed.
Public Significance Statement
Transposed-letter (TL) priming effects are popularly interpreted as reflecting noisy perception of
letter order. The Arabic writing system has a unique allographic feature whereby a letter’s shape and
letter spacing depend on its position within a word. We show that TL priming effects for Arabic
words and nonwords are modulated by allography in the same–different task. It is important to
consider which unique property of the language/writing system produces the cross-language varia-
tion, and how it does so.
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2012a). Three issues are at the center of this research. The first
relates to the existence of abstract letter representations and how
these serve as targets for the visual input perceived during reading.
The second concerns the way in which information about letter
order is coded, and the final issue relates to whether different
languages bring different constraints to bear on the question of
letter abstractness and letter-order coding.
Words can be written in letters of different sizes, different fonts,
and different cases. Does this low-level perceptual variation play a
role in reading or do the representations that drive lexical access
abstract over these perceptual variations? From studies using the
masked priming paradigm (Forster & Davis, 1984) there is now a
wealth of evidence that reading is mediated by abstract letter
representations. In this paradigm, a prime is presented briefly
(typically 30–60 ms) following a forward mask consisting of
uninformative hash signs and backward masked by the target to
which an overt response is required. Responses to the target are
facilitated when the prime is related to the target. Using masked
priming with a lexical-decision task, Bowers, Vigliocco, and Haan
(1998) showed that lowercase primes that were visually dissimilar
to the targets presented in uppercase (e.g., edge-EDGE) yielded
comparable facilitation effects to those produced by lowercase
primes that were visually similar to their targets (e.g., kiss-KISS).
This result has been taken as evidence that the letter representa-
tions supporting visual word recognition are abstract. Kinoshita
and Kaplan (2008), and Kinoshita and Norris (2009) extended this
finding to single letters and nonwords showing that the involve-
ment of abstract letter representations is not specific to reading
words. They used the same–different matching task in which a
reference stimulus is presented in advance of the prime-target
sequence and the subject’s task is to decide whether the target is
the same as or different from, the reference. The size of priming
did not differ between visually similar prime-target pairs (e.g., c/C,
x/X) and visually dissimilar pairs (e.g., b/B, e/E).1
The second issue concerns how letter order is coded. Recent
research has amassed considerable empirical evidence showing
that readers can cope with violations in the canonical order of
letters in a word. This claim is supported by the phenomenon
called the transposed-letter (TL) priming effect. This refers to the
finding that a nonword prime constructed by transposing two
adjacent word-internal letters (e.g., jugde) facilitates the recogni-
tion of the base word (JUDGE) more than a substituted-letter (SL)
control prime in which the transposed letters are replaced by
unrelated letters (e.g., junpe; e.g., Perea & Lupker, 2003). As with
the data showing evidence for abstract letter identities, TL priming
effects are also found with nonword targets in the same–different
match task (Kinoshita & Norris, 2009). According to the noisy
position view (Gómez et al., 2008; Norris & Kinoshita, 2012a), TL
priming effects reflect the uncertainty in letter order arising from
noise in the early stages of visual perception. Specifically, within
the brief time that the prime is presented, the spatial order of
neighboring letters in a letter string is ambiguous (i.e., it is uncer-
tain whether g in jugde is to the left or right of d). To the extent that
there is some possibility that ‘d’ precedes ‘g,’ the TL prime jugde
will match JUDGE to a greater degree than the control prime
junpe.
The evidence from the research summarized above strongly
suggests that the visual word recognition system operates with
abstract letter representations and that it shows a degree of toler-
ance in the processing of letter order. Most of this evidence has
come from European languages that are written using the Roman
alphabet. This brings us to the third issue driving research into
visual word recognition, which relates to whether the structural
characteristics of different languages can influence theorizing
about the nature of the representation of letters subserving the
reading process. Previous cross-linguistic research strongly sug-
gests that typologically different languages not only organize their
lexical spaces differently, but they also seem to weight different
domains of linguistic knowledge differently (e.g., Frost, 2012 for
Hebrew; Lee & Taft, 2011 for Korean). More specifically, it has
been claimed that reading in languages like Hebrew and Arabic is
subject to an extreme letter-coding scheme such that transposing
the letters of a prime item does not generate the strong facilitation
of target recognition typical in Indo-European languages. This
claim is mainly based on the consistent absence of Transposed
Letter (TL) priming in lexical decision with Hebrew (e.g., Velan,
Deutsch, & Frost, 2013; Velan & Frost, 2009, 2011), and Arabic
(e.g., Perea, Abu Mallouh, & Carreiras, 2010), which contrasts
sharply with the facilitatory effects found in languages written in
the Roman alphabet. What is the origin of this cross-linguistic
difference?
As we will see in more detail below, written Arabic has two
unique features that distinguish it from European languages writ-
ten in the Roman alphabet: One is its Semitic morphological
structure, the second is its extensive position-dependent allogra-
phy. There are reasons to suspect that these two features may
operate at different levels or stages of visual word recognition, and
for this reason we will use two tasks that are differentially sensitive
to stages of orthographic and lexical processing. Specifically, in
the first experiment, we use the lexical-decision task to engage
lexical processing and to confirm the absence of the TL priming
effects in this task, as has been reported consistently with Semitic
languages. This experiment also serves to validate our stimuli. We
then use these stimuli in the same–different match task, in which
the orthographic priming effects have been shown to operate at the
level of prelexical orthographic representations consisting of ab-
stract letter identities (Kinoshita & Norris, 2009; Kinoshita,
Gayed, & Norris, 2018), and to be insensitive to morphological
structure in European languages written in the Roman alphabet
(Duñabeitia, Kinoshita, Carreiras, & Norris, 2011). Specifically,
we focus on the orthographic system of Modern Standard Arabic
(MSA), with its unique characteristics, to investigate whether the
TL priming effect, which has been used as the main marker of
letter order coding flexibility, is modulated by allographic varia-
tion. In what follows, we briefly present the key characteristics of
the MSA orthographic system, then we summarize previous ex-
perimental research that addressed orthographic processing in Ar-
abic.
The MSA Orthographic System
The MSA orthographic system (see Daniels, 2013) operates
with 28 letters that are written cursively from right to left. From the
1 In this task, masked priming effects are limited to the Same response
and not observed with the Different response. Readers are referred to our
previous works (e.g., Kinoshita & Norris, 2009, 2010; Norris & Kinoshita,
2008) for an explanation.
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visual point of view, these letters fall into nine groups as shown in
Table 1.
Groups 1 to 8 consist of letters with exactly the same base shape
save for the presence of dots. Thus in Group 1, for instance, the
three letters share the same base shape, but differ with respect to
the number and position of dots, with in particular, the letter ب /b/
exhibiting a single dot underneath it, while the ت /t/, and ث /θ/,
respectively, feature two and three dots above them. The exception
to this pattern is the 10 letters of Group 9 which have unique shapes
that they do not share with each other or with any other letter.
A number of orthographic characteristics make MSA an ideal
writing system to investigate the issues of abstract letter represen-
tations and letter order coding. One relates to the allographic
nature of the script whereby each letter can take as many as four
different shapes depending on its position within the word: an
initial, a medial, a final, and an isolated form as illustrated in
Table 2.
Two variables interact to determine which allograph is used for
a given letter. These are the position of the letter in the word,
initial, medial, or final, and the presence or absence of a ligature
with the preceding letter. Twenty-two of the 28 letters are fully
ligating letters (i.e., they connect to the preceding and the follow-
ing letter) and have four allographs, whereas the remaining six are
partially ligating letters (i.e., they ligate only to the preceding
letter) and have only two allographs each.
One consequence of the interaction of these two variables is that
besides triggering changes in the form of a letter (e.g., – a2
‘play’), allography manifests itself in two other ways. First, it can
appear as a change in ligation pattern as in أ - أ ‘fail,’
where the underlined letter changes from a letter ـ ـ that ligates to
the left and right to a ـ ligating only to the left. Second, allography
can show up as a redistribution of blank-spaces within the word.
For instance, the blank space (indicated by the underscore here for
ease of illustration) comes after the second letter in _ birth, but
after the third letter in the transposed nonword _د . Importantly,
although change in ligation patterns can occur without redistribu-
tion of blank spaces within the word (e.g., ه أ - أه ʔlhm-ʔhlm
‘inspiring’), the reverse is not true in the sense that the redistri-
bution of blank-spaces is always accompanied by a change in
ligation patterns (e.g., أذ_ه - _ب أه ʔðhb-ʔhðb ‘going-civilize’) a
change in letter form (e.g., أ - أ ʔʕlm- ʔlʕm ‘inform-uncle’) or
both (e.g., _م أ – أ ʔʕdm-ʔʕmd ‘execute-intend’). Furthermore,
a change in letter form does not necessarily trigger a blank-space
redistribution and vice versa. In the transposed letter item _ن ي
the shape of the letters has changed compared with the original
form _ن ي ‘look forward to,’ but the blank space remains in the
same position, after the sixth letter, in both items. For the present
purposes, we have opted to treat the three manifestations of allog-
raphy as equivalent. We do this for two reasons, first, because a
change in the form of the letter, a change in its ligation pattern, or
the redistribution of blank spaces within the word may provide
equally important cues about the identity of the letters within the
orthographic string, and about its length, and second, because we
are interested in the change in the overall shape of the word, which
is equally apparent when the shape of the letter or its ligation
pattern changes, or indeed when the blank spaces within the word
are redistributed. In addition to this, the constraints we had to
observe when building the experimental materials made it impos-
sible to covary for instance letter-form change and ligation change
without creating an existing root, which we strove to avoid. We
will nevertheless consider the potential contribution of the differ-
ent forms of allography in our post hoc statistical analyses.
In sum, the critical feature of MSA is that allography, in all its
manifestations, is highly informative with regards to letter position
in two important ways. First, when a reader sees the allograph ـ ,ـ
for instance, they know that it is neither at the beginning nor end
of the word, whereas seeing the allograph ع is an unequivocal cue
that it is at the end of the word. Second, the different allographs of
a letter can affect the location of blank spaces within the ortho-
graphic sequence especially when the letter is nonligating. Note for
instance that the blank space, indicated by an underscore, after the
third letter, in the base word _ tjr_bt ‘experience’ appears after
the second letter in the transposed nonword version _ tr_jbt.
The sort of information conveyed by the various forms of the
letters in MSA and the accompanying redistribution of the location
of blank spaces in the orthographic sequence are qualitatively very
different from the allography in the Roman script (uppercase and
lowercase letters) which neither depends on letter position nor
alters the location of blank spaces within a word.3 Against this
background, the question we address here is whether readers of
MSA can take advantage of the order constraints provided by the
position-specific allographs, or instead rely entirely on a more
abstract level of letter representation that discards the allographic
detail.
Another equally important feature of MSA orthography is that it
is a predominantly consonantal system all of whose letters repre-
sent consonant phonemes except for three, known as matres lec-
tionis, which serve to indicate the three long vowels of the lan-
guage /aa, uu, ii/. The remaining three short vowels /a, u, i/ have
no corresponding letters; instead they are written as diacritical
marks above or below the letter. This characteristic of the script is
2 The asterisk is used to indicate a nonword.
3 In most languages the Roman upper-case letters can only appear as the
first letter in a sentence or the first letter in a proper noun.
Table 1
Arabic Script and Letter Groups
Groups Example Groups Example
1 ب ت ,a/bث t, / 5 س ش /s, ʃ/
2 ج ح ,a/jخ , x/ 6 ص a/sʕض dʕ/
3 د ,a/dذ ð/ 7 ط a/tʕظ ðʕ/
4 ر ,a/rز z/ 8 ع ,ʕa/غ /
9 ف ق ك ل م ن ه و ي ,a/fأ q, k, l, m, n, h, w, y, ʔ/
Note. Stimuli are given in Arabic and in Buckwalter transliteration with
the manipulated root letters in upper case.
Table 2
Fully and Partially Ligating Letters
Ligature Initial Medial Final Isolated IPA
Full ـ ـ ـ /غ ـ غ γ
Partial د ـ /د ـ د d
Note. The Final letter column shows the allographs for the letter preceded
by a nonligating and a ligating letter respectively.
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intimately linked to the Semitic morphological system which relies
on a clear distinction between two morphemes: the root, typically
made up of thee consonants, and the word pattern (WP) essentially
made up of vowels and a subset of consonants. The root provides
constraining semantic information and plays an earlier and more
durable role in the lexical access process than the word pattern
which is interleaved with the root and conveys morpho-syntactic
and phonological information, affecting the processing dynamics
only during a limited time window (Boudelaa & Marslen-Wilson,
2005). Given the salience of the consonantal root as an access and
representational unit in lexical processing in Arabic (Boudelaa &
Marslen-Wilson, 2004, 2005, 2011, 2015), the question arises of
how the transposition or substitution of root consonants modulates
TL-priming effects.
Previous Research on Orthographic Processing
of Arabic
Perea et al. (2010) and Carreiras, Perea, Gil-López, Abu Mal-
louh, & Salillas (2013) have spearheaded research into letter order
coding and abstract letter identities in Arabic. Using both lexical
(lexical decision) and nonlexical (same–different matching) tasks,
these authors have collectively made two important claims. One is
that the Semitic morphological structure, comprising the tri-
consonantal root and a word pattern, plays a key role in the early
orthographic processing in Arabic. Velan and Frost (2009, 2011)
have previously shown using a lexical task (lexical decision) that
in Hebrew, another Semitic language, TL priming effects are
absent when the transposed letters are root consonants, and argued
that this reflects a Semitic orthographic structure that is fundamen-
tally different from European languages. Perea et al. (2010) rep-
licated this finding with Arabic and extended it to the same–
different task (Perea, Abu Mallouh, Garcı A-Orza, & Carreiras,
2011, Experiment 1). The authors took the latter as evidence that
the Semitic morphological structure modulates prelexical ortho-
graphic processing, arguing that the masked priming same–
different task is sensitive to morphology. However, Kinoshita,
Norris, and Siegelman (2012) questioned this claim, noting that
Perea et al. examined TL effects without taking into account
allographic variations, using primes that appear with different
allographs when their root letters are transposed (e.g., ي - ي
bʕiid-ʕbiid ‘far-slaves’; the differing allographs are underlined in
the MSA script). In contrast to Perea et al.’s (2011) finding for
Arabic, Kinoshita et al. (2012), using Velan and Frost’s (2011)
stimuli in Hebrew, which has much more limited position-
dependent allography, found robust TL priming effects that were
not modulated by morphology in the same–different task. Thus, it
remains to be seen whether the finding reported by Perea et al.
(2011) for Arabic is replicable when allographic variation is con-
trolled.
The second main claim made by these authors is that allographic
variation plays little or no role in visual word recognition in
Arabic. This claim is based on studies (Carreiras, Perea, & Abu
Mallouh, 2012, 2013) that used single letters in the same–different
match task to compare identity priming effects with nonallo-
graphic, that is with no change in letter shape (e.g., ,aد د /d/), and
allographic (e.g., ,aع ـ ـ /ʕ/) variants of the same letter. The authors
reported priming effects of the same magnitude for allographic and
nonallographic letter pairs, much like the finding regarding visu-
ally similar and dissimilar uppercase-lowercase letter pairs in the
Roman alphabet (Kinoshita & Kaplan, 2008; Norris & Kinoshita,
2008), and concluded that “priming of abstract letter representa-
tions is a universal phenomenon” (Carreiras et al., 2012, p. 685).
A limitation of this claim, however, is that allographic variation in
Arabic is informative in the context of the word (a sequence of
letters): the allograph ـ ـــ tells the reader that there is a letter
preceding it and a letter following it, and that both are ligating
letters. Presented as a single letter, this allograph says nothing
about position within a word, and so it is not too surprising that the
Arabic allographic variation functions just like the uppercase and
lowercase variations in the Roman alphabet.
The recent study by Perea, Abu Mallouh, and Carreiras (2013)
aimed to assess the role of visual similarity using a masked
priming lexical-decision task with 3rd and 6th graders as well as
adult readers. The authors substituted either a letter in a prime
having the same visual form (i.e., the same allograph in terms of
the ligation pattern between a word’s letters) as the target word
(e.g., ب آ - ب آ “ktzb”–“ktaab”), or a letter having a different
visual form from the target as a result of ligation ( آ - ب آ
ktaab-ktxb). The size of the priming did not differ between these
two types of primes in either developing readers or adult readers.
Given the parallel with the visual similarity manipulation carried
out with the lowercase prime-uppercase target pairs in the Roman
alphabet (e.g., edge-EDGE vs. kiss-KISS, Bowers et al., 1998),
Perea et al. concluded that allographic variation plays little role in
Arabic. Note however that the visual similarity manipulation con-
cerned a nonroot letter, and that the prime and target always shared
the three letters of the root {ktb}. From the point of view that
lexical processing in Arabic is tuned to picking up root consonants
(e.g., Boudelaa, 2014; Boudelaa & Marslen-Wilson, 2005, 2015),
there is little reason to expect the two conditions to behave differ-
ently. That is, the message from this experiment may not be that
visual form has no role to play, but that root priming in Arabic is
robust and can be observed in both adult and developing readers.
The conclusion drawn by these authors that allography does not
modulate visual word recognition processes in Arabic seems in-
consistent with recent data concerning readers of MSA who have
Letter Position Dyslexia (Friedmann & Haddad-Hanna, 2012).
These dyslexic readers have a selective deficit in letter position
encoding manifested in a disproportionate number of reading
errors involving letter migrations within words. The point of
interest is that their letter-migration errors are modulated by
position-dependent allography. They made 85% letter migration
errors with words involving no allographic variation (i.e., words
comprising the same letter allograph in the base word and TL
word, e.g., ه - ه tmhl-thml ‘give notice-neglect’); in contrast,
words that would involve allographic variation when their letters
are transposed (e.g., ه - ز ه jaahz-jhaaz ‘ready-device’) hardly
elicited any errors. This suggests that allographic information is
indeed encoded and is used to resolve uncertainty in letter position.
What is unclear, however, is whether the use of letter-form infor-
mation is characteristic of an immature reading system specific to
individuals with dyslexia and does not apply to normal skilled
readers, as suggested by Carreiras et al. (2012, p. 690).
The absence of allographic effects in Arabic as claimed by Perea
et al. (2013) and Carreiras et al. (2012) is equally at variance with
data from Uyghur, an agglutinative non-Semitic language from the
Turkic family that uses an Arabic-based script in which both
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consonants and vowels are fully specified (Yakup, Abliz, Sereno,
& Perea, 2014, 2015). Using a Rapid Serial Visual Presentation
(RSVP) with sentences containing jumbled words, in which the
internal letters were rearranged in a way that either did or did not
lead to allographic changes, Yakup et al. (2014) showed that
response accuracy was significantly lower for target words in
jumbled sentences involving a letter shape change, thus suggesting
that position-dependent allography affects letter position coding in
Uyghur. Similar results were found by the same authors using a
masked priming lexical decision in which it was found that trans-
posed and substituted letter primes that did not incur any allo-
graphic changes showed significantly more facilitation than those
that did (Yakup et al., 2015).
In summary, then, the Arabic dyslexic data and the Uyghur data
for which strong effects of allography have been reported are at
variance with the masked priming data reported by Perea et al.
(2011, 2013) and Carreiras et al. (2012), which did not find any
modulatory effects of priming by allography. Given the method-
ological shortcomings of the Arabic masked priming studies de-
scribed above, however, the role of position-dependent allography
in visual word recognition in intact readers of Arabic remains to be
determined.
In the present study, we addressed this issue by evaluating the
extent to which allographic variation can modulate TL priming
effects in Arabic. To ascertain the locus of these effects, we
evaluated the effects allography has on TL priming using the
masked priming lexical-decision task (Experiment 1), the same–
different matching with existing Arabic words (Experiment 2), and
grapho-tactically legal nonwords (Experiment 3).
Experiment 1: Masked Priming Lexical Decision
Lexical decision is a classic lexical task in which the participant
is presented with letter strings that are either real words or word-
like nonwords. In this task, the subject has to verify whether each
item is a word or not. This task is standardly thought to engage
lexical access processes and to be sensitive to the way lexical
space is organized in a given language. We elected to use this task
in the first experiment because it naturally complements the same
different matching task that we will use in Experiments 2 and 3.
Furthermore, the lexical-decision task, but not the same–different
task, requires lexical access. In the Bayesian Reader framework
(Norris, 2006; Norris & Kinoshita, 2012a), in the lexical-decision
task the participant has to match the input against the whole
lexicon, whereas, in the same–different task, they have to match it
against a single item: the referent (Norris & Kinoshita, 2008). This
means that the characteristics of lexical space such as neighbor-
hood density and morphological structure should modulate prim-
ing in lexical decision but not in the same–different match task.
Accordingly, if the specific characteristics of the Arabic lexicon
come into play in lexical decision, but not in the same–different
match task, then we expect to see different TL priming effects in
Experiment 1 compared with Experiments 2 and 3. A second
reason for using lexical decision is that there has been no system-
atic study of orthographic priming effects in Arabic controlling for
allographic variation with transposed letter primes in this task.
Finally, lexical decision is a ubiquitously used task in the ortho-
graphic priming literature looking at transposed letter effects and,
as such, it will allow us to maintain comparability with previous
research.
In past research using lexical decision, Velan and Frost (2009,
2011) consistently found no TL priming effects for Hebrew native
words with the typical Semitic morphological structure. Perea et
al. (2010) extended these results to Arabic, using transposed-letter
Arabic words as primes for existing word target (e.g., –
mqʕd-mʕqd, ‘seat-complex’) and found no TL priming effects;
they thus concluded that “the order of the root letters is allowed
only a minimum degree of perceptual noise to avoid activating the
wrong root” (pp. 375, 378). The present experiment extended these
studies in two respects. First, it used real word targets paired with
transposed and substituted letter nonword primes comprising non-
existing roots. This allowed us to establish whether the absence of
TL priming effects reported by Perea et al. (2010) was attributable
to competition among existing roots, or genuinely reflected the
processing dynamics engaged during lexical decision in this lan-
guage. Second, and more importantly, we added the manipulation
of allography such that when two consonants of the base root were
transposed or substituted, this either caused a change in the shape
of the manipulated letter and/or brought about a redistribution of
blank space locations. This variable was not controlled in the Perea
et al. (2010, 2011), and as a consequence it is possible that the
absence of TL effects when the root letters were manipulated in
Arabic could in part be due to this confounding factor.
Method
Participants. Fifty-nine participants were randomly selected
from the female campus of the United Arab Emirates University to
take part in this experiment. Their age ranged between 20 and 24
years old, and they all were native speakers of dialectal Emirati
Arabic, used Modern Standard Arabic on a daily basis, and had
normal or corrected-to-normal vision.
The sample size was guided by, and is much greater than,
previous studies of TL priming lexical decision experiments in
Arabic (Perea et al., 2010: 26 participants in Experiment 1, 28
participants in Experiment 2). More generally, the sample size in
each of the three experiments reported here provided an estimated
power greater than 0.9 to detect the effects of interest if they
existed.
Stimuli and design. We selected 60 words to be used as
targets for the ‘word’ response condition. They ranged between 4
and 8 letters in length (mean 6.12 letters), with an average fre-
quency of 15.36 per million (range: .01–234) in the Aralex data-
base (Boudelaa & Marslen-Wilson, 2010). Each of the words was
preceded by one of six types of prime (see Table 3). The first was
an Identity prime (e.g., ون ي - ون ي ysʕduun-ysʕduun ‘be
happy-be happy), and the sixth was the all-letter-different baseline
nonword prime, used to establish that the task is sensitive to the
masked priming manipulation (e.g.,  ttnaaj). The second to
fifth prime types involved the two critical manipulations, Type of
Change (letter transposition vs. substitution) and Allography,
crossed orthogonally. All primes were legal nonwords. In Condi-
tion 2, two letters of the TLAllog primes were transposed with-
out causing any allographic changes (e.g. ون ي - ون ي yʕsduun-
ysʕduun ‘be happy’). In contrast, in Condition 3, TLAllog, two
letters of the prime were transposed so as to undergo allographic
changes (e.g., ن ي - ون ي ysdʕuun-ysʕduun ‘be happy’). Note
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for example the change of the underlined letter ʕ in the Arabic-
script example from the allograph ــ ــ when flanked by two ligat-
ing letters in the base word to the allograph ــ when the preceding
letter does not ligate in the prime. Note further that the blank
spaces appear after letters 3 and 5 in the TLAllog prime, but after
letters 4 and 5 in the target. More specifically, the allographic
changes in this condition consisted of (a) changes in the shape of
the letter (e.g., ع to ـ ـ or ل to ـ (aـ 48.81% of the time, (b) changes
in ligation of the letters (e.g., ر to ـ or ـ to ـ (aـ 9.66% of the time,
and (c) changes in ligation and blank space location (e.g.,
_ر_و_ن ي – _و_ن _ (aي 41.53% of the time. In Condition 4,
SLAllog, two letters of the target were substituted to create a
prime without any allographic changes. In particular, one of the
substituted letters was from the same Letter group as the orig-
inal letters 56.78% of the cases (e.g., ون aي – ون ي yʃγduun-
ysʕduun ‘be happy’). In the remaining 43.22% of the items, the
substitution letters were from different Letter groups that nonethe-
less preserved the ligation pattern and blank space location of the
base word (e.g., _ن aي – _ن ي ynkfqaan- yntʕlqaan ‘start off’).
In Condition 5, labeled SLAllog, two letters of the target were
substituted so as to cause allographic changes in the prime (e.g.,
رون ي - ون ي yszruun-ysʕduun ‘be happy’). These changes
pertained to letter shape in 1.69% of the items, to letter ligation
33.39% of the item and to ligation and blank space relocation
64.92% of the items. Additionally, the substitution letters in this
condition were from the same Letter group as the substituted
letters, so that they differed only in the dots above or below
them 16.95% of the time. For instance, the base word ه أ
?ltʕmhaa ‘smack,’ is converted into the prime ه أد ʔdðʕmhaa,
where one letter, the ـ ,ـ is replaced by the same Letter group ـ ,
while the second letter ـ is replaced by the different Letter group
.د Despite the overall similarity between the two items, it is
important to note the new blank space after the second letter
of the sequence ه ,أد_ as well as the fact that the letter ـ ligates
to the right in the resulting prime while the letter ـ ـ ligates both to
the right and left in the base word. In the remaining 83.05% of
cases, the substituted letters were from different Letter groups.
Beyond this, the transposed and substituted letters were always
the same two root letters in the base word. In half of the stimuli the
first and second letters of the root were manipulated, and in the
other half the second and third or the second and fourth letters
were manipulated. The manipulated letters were never the first or
the last letter of the whole word. Finally, none of the roots
resulting from letter transposition or letter substitution corre-
sponded to an existing root in the language. Nine different verb
word patterns were used with an average type frequency of 4913
(range: 2.4–26265) in the Aralex database.
We also created 60 grapho-tactically legal nonwords by chang-
ing one to two consonant letters of an existing Arabic word to be
used as targets in the ‘nonword’ response condition. For example,
the existing Arabic words ت ه ا ʔnqhrt ‘be conquered’ and أ
‘ʔsʕdtaa’ make happy are respectively converted into the non-
words ت ه ا ʔnkhzt by changing two consonants and أ
ʔsʕdʕtaa by changing one consonant. These items ranged from
5–8 letters in length (mean: 6.13, SDEV: .57). Each of these
nonwords was preceded by one of six types of primes built along
the same lines as in the word response (see Table 3). The first
condition was an Identity prime (e.g., ت ه ا – ت ه ا ʔnkhzt-
ʔnkhzt), and the sixth was an all-letter-different baseline nonword
prime (e.g., ي ytxaaqm). Conditions 2 to 5 constituted the
critical manipulation of the experiment by orthogonally crossing
Type of Change (letter transposition vs. substitution) with Allog-
raphy (– Allography vs.  Allography). Specifically, Condition 2,
called ‘TLAllog,’ paired a base nonword target (e.g.,
ت ه ا ʔnkhzt) with a prime in which two letters were transposed
without causing any allographic changes (e.g., ت ه ا ʔnhkzt).
Condition 3, TLAllog, comprised primes in which the transpo-
sition of two letters of the base nonword caused allographic
changes in the resulting prime. These changes affected the letter
form 45.42% of the time, letter ligation 20% of the time, and
letter ligation and blank space location 34.58% of the time. In
Condition 4, the SLAllog, two letters of the target nonword
were substituted without resulting in any changes either in the
form of the residual letters of the base nonword, its ligation pattern
or the distribution of blank spaces within it (e.g., ت ه aا - ت aا
ʔntʕʕzt- ʔnkhzt. In this condition, the substituting letters were
from the same Letter group as the substituted letters in 3.34% of
the items. In Condition 5, SLAllog, the two letters that were
substituted in the nonword target caused allographic changes that
pertained to letter form 16.61% of the time, to letter ligation in
12.71% of the cases, and to a combination of letter ligation and
blank space location 70.68% of the time. The substituting and the
substituted letters were from the same letter Group 4.92% of the
time. The transposed and substituted letters were always the same
two root letters in the base word, and none of the roots resulting
from letter transposition or letter substitution exists in the lan-
guage. In half of the stimuli the first and second letters of the
nonexisting root were manipulated, and in the other half, the
second and third letters were manipulated. Five different verb
word patterns were used to form this set of stimuli, with an average
type frequency of 7499 (range: 4.85–26265) in the Aralex data-
base. Full lists of the stimuli are provided in Appendices A1 and
B1.
Procedure. Participants were tested in groups of nine at carrel
desks in a quiet room. The presentation of the stimuli and record-
ing of response times were controlled by portable laptops using
Table 3
Sample Stimuli Used in Experiment 1
Stimuli Word Nonword
Prime
1. Identity ون ي ت ه ا
ysʕduun ʔnkhzt
‘be happy’
2. TLAllog ون ي ت ه ا
ysdʕuun ʔnhkzt
3. TLAllog ن ي ه ا
ysdʕuun ʔnkzht
4. SL-Allog ون ي ت ا
yʃγduun ʔntʕʕzt




Target ون ي ت ه ا
ysʕduun ʔnkhzt
‘be happy’
Note. Examples are in Arabic script with a transliteration and an English
gloss where appropriate (the asterisk indicates a nonword).
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Superlab 5. On each trial, a forward mask consisting of 22 vertical
lines (اااااااااااااااااااااا) in a 48-point Arabic font size was presented for
1,000 ms. For cursive Arabic scripts, this mask is preferred to the
more commonly used hash mark mask used with stimuli in the
Roman alphabet based on the results of several piloting tests, and
has been used in previous masked priming studies with Arabic
(Boudelaa & Marslen-Wilson, 2004, 2005, 2011, 2015). Next, a
prime in 24-point Arabic font was presented for 50 ms, and was
then replaced by a target word or nonword in 36 Arabic font size.
The target remained on the screen either until the participant’s
response or for 2,000 ms, whichever occurred first. Participants
were instructed that they would see strings of Arabic letters and
that their task was to press the button marked “YES” with their
right index finger if the target was a word, and the button marked
“NO” with their left index finger if the target was a nonword.
Participants were instructed to make this decision as rapidly and as
accurately as possible. When debriefed at the end of the experi-
ment, none of the subjects reported conscious knowledge of the
priming items. Each participant received a different order of trials.
The experiment began with 32 practice trials with properties
similar to those of the experimental trials followed by the exper-
imental trials. The whole session lasted approximately 10 minutes.
Results
In this experiment, as well as the next two, the preliminary
treatment of the data was as follows: Incorrect responses and
response times less than 200 ms or greater than 1800 ms were
removed. For the word response data, this procedure resulted in
the removal of 1.49% of all the data (.98% errors and .50%
outliers). For the nonword response data, 5.47% of the total data
were excluded (2.65% errors and 2.82% outliers). The full raw
data set for this experiment and the next two is accessible here:
https://osf.io/pmvxk/?showrevision. Mean RTs and error rates
for word and nonword trials are shown in Table 4.
Word responses. We analyzed the four critical conditions
(i.e., TLAllog; SLAllog, TLAllog, and SLAllog) using a
linear mixed effects modeling approach. We first examined the
shape of reaction time (RT) distribution for correct trials requiring
the WORD response (a total of 2360 observations for the four
conditions under consideration). All RTs were log transformed to
best approximate a normal distribution, and to meet the assumption
of the linear mixed effects model. The data were then submitted to
a linear mixed-effects model using the lme4 package implemented
in R 3.2.3 (Bates, Maechler, Bolker, & Walker, 2013). The model
included as fixed factors the RTs on the previous trial (PrevRT),
along with a full factorial combination of Type of Change (i.e.,
Transposed vs. Substituted), Allography (i.e., plus allography vs.
minus allography; both of which were deviation-contrast coded),
and random intercepts and random slopes for subjects, prime
words and target words. All models used for RT latencies and
error count measures contained the full random structure as rec-
ommended by Barr, Levy, Scheepers, and Tily (2013). If a model
containing the full random structure failed to converge, it was
systematically pruned by removing interactions between random
effects until the model converged. Thus all results reported here
are based on successfully converging models.
After removing the RTs of error trials from both the current and
previous trials, there were 2325 data points. The degrees of free-
dom and the p values in this experiment and the next two were
estimated using Satterthwaite’s approximation as implemented in
the lmerTest package (Kuznetsova, Brockhoff, & Christensen,
2013). Neither the main effect of Type of Change, F(1, 113.69) 
3.570, p  .06, nor that of Allography, F(1, 48.62)  .288,
p  .59, or their interaction was significant, F(1, 154.47)  .085,
p  .77. The only significant effect in this model was that of
PrevRT, F(1, 2245.76)  17.61, p  .001. We also conducted
pairwise post hoc comparisons systematically contrasting TL
Allog with TLAllog and SLAllog, as well as the SLAllog
with the SLAllog and the TLAllog using Bonferroni-Holm
protection levels. The results of these comparisons indicated that
performance in the TLAllog condition did not significantly
differ from performance in TLAllog (p  1.0), SLAllog (p 
1.0), or indeed SLAllog (p  .6). Similarly, the TLAllog
condition did not differ significantly either from the SLAllog
(p  .1) or ALAllog (p  1.0), and finally, the two SL condi-
tions were not significantly different from each other (p  1.0). As
a paradigm check, we assessed priming in the Identity condition
against the unrelated baseline, the two TL conditions, and the two
SL conditions. In each of these comparisons, the identity condition
showed significant facilitation (all ps  .01), suggesting that the
absence of facilitation in our four conditions of interest was not
due to lack of statistical power, but was a genuine outcome
resulting from the processing dynamics engaged by the primed
lexical-decision task in Arabic.
In a second series of analyses, we also evaluated the potential
effects of two variables on priming. The first was Form of Allog-
raphy, which focused on the TLAllog and the SLAllog con-
trast and aimed at assessing the extent to which the three forms of
allography (i.e., change in letter form, change in ligation, and
change in blank space location within the word) can affect prim-
ing. The second, called Letter Group, focused on the SLAllog
and the SLAllog conditions and sought to determine if priming
was modulated by whether the letters substituting each other
belonged to the same letter group. Accordingly, we coded the data
into four categories on the basis of whether they comprised (a) two
substituted letters belonging to the same group and occurring in the
same position across prime and target, (b) two substituted letters
belonging to the same group, but occurring in different positions,
(c) one substituted letter belonging to the same group, and occur-
ring in the same position, and (d) one substituted letter belonging
Table 4
Mean Lexical Decision Response Latencies (RT, in ms), Percent
Error Rates (in Parentheses), and Magnitude of Facilitation
(Priming in ms) in Experiment 1 (Lexical Decision Task)
Response and prime type Word Nonword
Identity 598 (.68) 737 (2.37)
TLAllog 657 (.51) 763 (2.03)
SLAllog 666 (1.53) 750 (3.39)
TL priming effect: SLAllog
minus TLAllog 9 13
TLAllog 663 (1.01) 756 (2.88)
SLAllog 678 (1.01) 750 (3.22)
Baseline 684 (1.19) 816 (2.03)
TL priming effect SLAllog
minus TLAllog 15 6
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to the same group, but occurring in different positions across prime
and target.
The first model revealed no significant effects either for Type of
Change, F(1, 795.82)  1.6166, p  .203, Form of Allography,
F(2, 41.30)  1.7723, p  .17, or their interaction, F(2, 795.40) 
.0354, p  .97. The only significant effect in this model was that
of the control variable PrevRT, F(1, 1108.55)  18.115, p  .001.
Similarly, the second model suggested that neither the effects of
Allography, F(1, 51.36)  .107, p  .74, nor those of Letter
Group, F(3, 82.07)  1.4374, p  .24, or indeed the interaction
between them was significant, F(2, 95.20)  1.132, p  .33.
PrevRT was however, highly significant, F(1, 1086.94)  19.047,
p  .001.
The error data were analyzed using a logit mixed model (Jaeger,
2008) with the same fixed and random factors as used in the RT
models except for PrevRT. The results did not reveal any signif-
icant changes in the log odds of the response variable as a function
of the predictor Type of Change (t  .267, p  .79), Allography
(t  .383, p  .70), or their interaction (t  .185, p  .85). We also
ran two further mixed effects models focusing on the possible
modulatory effects of Form of Allography in the TLAllog and
the SLAllog conditions and on those of Letter Group within the
two substituted letter conditions. The first model revealed no
significant effects for Type of Change (t  .285, p  .78), Form
of Allography (t  .292, p  .77), or the interaction between them
(t  .282, p  .77), and neither did the second model, revealing
unreliable effects for Allography (t  .440, p  .66), Letter Group
(t  .107, p  .92) and their interaction (t  .131, p  .90).
Given the absence of a significant NHST effect of TL priming
in this experiment, we decided to investigate the effect further
using Bayes Factors. Not only does a Bayes factor analysis allow
us to quantify the relative evidence both for and against the
hypothesis that there is an effect of TL, but it also addresses the
possibility that the absence of a significant TL effect in NHST
might be a consequence of lack of power. If a Bayes Factor
analysis gives strong support for the absence of TL priming, this
cannot be a result of lack of power. We calculated the Bayes factor
using the Bayes factor package (Version 9.12–2, Rouder & Morey,
2013) available in R to compare two mixed effects models that
differed in the inclusion of the variable Type of Change, which
contrasted letter transposition with letter substitution. Model 1 was
the mixed effects model described above, and Model 2 did not
include Type of Change. We then used the “compare function”
with the default JZS prior to compute the Bayes Factor using
Model 1 as the denominator. Our Bayes factor (BF01) was 73 	
4%, thus providing very strong evidence for the null hypothesis
that there is no TL priming effect in lexical decision in Arabic.
Nonword responses. The nonword RT data, which consisted
of 2290 data points after removal of false alarms and outliers, were
submitted to the same analyses as the word data, first with Type of
Change and Allography as fixed factors, and random intercepts
and slopes for subjects, prime words and target words. No signif-
icant effects were found for Type of Change, F(1, 8.93)  .077,
p  .78, Allography, F(1, 97.37)  .415, p  .52, or indeed their
two-way interaction, F(1, 221.12)  .049, p  .82. We did not
explore the effects of Form of Allography or Letter Group with the
nonword data because the effects of letter transposition and letter
substitution were numerically in the wrong direction with the
pooled TL conditions averaging 759 ms against a pooled average
of 750 ms in the SL conditions.
Turning to the error data for the nonwords, a logit mixed model
(Jaeger, 2008) with the same fixed and random factors as used with
the word error data revealed no significant effects of Type of
Change (t  .116, p  .91), Allography (t  .508, p  .61), or
their interaction (t  1.930, p  .05). A second model focusing
only on the two allographic conditions (i.e., TLAllog and
SLAllog) revealed the effects of Type of Change (t  .306, p 
.76), Type of Allography (t  .408, p  .68) and their interaction
(t  .558, p  .58) to be nonsignificant. Another model focused
on the two substitution letter conditions (i.e., SLAllog and
SLAllog) and yielded no effects of Allography (t  .960, p 
.34), Letter Group (t  .138, p  .89), or their interaction (t 
.146, p  .88).
Finally, we sought to quantify the amount of evidence for the
presence of orthographic effects in lexical decision by comparing
two logit models that differed in the inclusion of the variable Type
of Change (i.e., letter transposition vs. letter substitution). Using
the “compare function” with the default JZS prior to compute
the Bayes factor with the model including Type of Change as the
denominator, revealed the Bayes factor (BF10) to be 299 	 7%,
suggesting that there was very little evidence for the effects of the
variable Type of Change. This corroborates the idea that TL
priming is highly unlikely to obtain in lexical decision in Arabic.
Discussion
This experiment used masked lexical decision priming to deter-
mine whether TL priming effects can be observed in Arabic and,
if they do, whether they are modulated by allographic variation.
The results clearly show that TL priming effects do not obtain in
this language. This outcome replicates the pattern observed con-
sistently with Hebrew, another Semitic language with the Semitic
morphology based on consonantal roots (Velan & Frost, 2009,
2011) and extends the results originally reported by Perea et al.
(2010) for Arabic word primes to nonword primes. Furthermore,
our post hoc analyses suggest that the different types of allography
(i.e., change in letter form, letter ligation, or blank space location)
behave in the same way, consistent with previous reports in the
literature (Perea, Abu Mallouh, Mohammed, Khalifa, & Carreiras,
2016). Similarly, the fact that priming was not modulated by
whether or not the manipulated letters came from the same Letter
Group suggests that, at least in lexical decision, individual letters
and allographs are treated as wholes and not analyzed into a letter
shape of some sort plus a number of superposed dots. We do
acknowledge though that these two outcomes are based on post
hoc analyses of a subset of the data and should, therefore, be taken
with due caution.
More generally, our results can be accommodated within the
noisy position Bayesian Reader (Norris & Kinoshita, 2012a) as
follows. According to this view, word recognition consists of
accumulating evidence from the visual input via noisy perceptual
sampling. Within this framework a yes response in the lexical-
decision task is made when there is enough evidence to decide that
the input is more likely to be a word than a nonword, whereas a no
response is made when there is enough evidence to determine that
the input is unlikely to have been generated by a word (Norris,
2006; Norris & Kinoshita, 2008). Because lexical decision is
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standardly thought to trigger lexical processes, this view implies
that the amount of evidence needed to make a decision will be
modulated by the structural and distributional characteristics of the
lexical space. In the present case, we independently know that the
lexical status of a string of letters in Arabic is primarily determined
by whether its root exists or not (Boudelaa, 2014; Boudelaa &
Marslen-Wilson, 2015). We also know that the lexical space in
which roots are organized is densely populated such that transpos-
ing two letters in any of the commonly used 4858 Arabic triliteral
and quadriliteral roots results in an existing root 54% of the time.4
As an example, consider the Arabic root (e.g., {rtb} tidying up),
which consists of three consonants arranged in a specific order. If
the order is changed, completely different roots are obtained (e.g.,
{rbt} patting, {trb} sand, {tbr} gold, {brt} ax, {btr} cutting off),
suggesting that the lexical space in Arabic is dense compared with
that of a language like English where the rearrangement of letters
within a word (e.g., right, can, moot) typically yields nonexisting
word (e.g., rihgt, nac, toom).
It is well established in the masked priming literature with
European languages written in the Roman alphabet that the “neigh-
borhood density constraint” operates: Specifically, in lexical deci-
sion, orthographic priming effects by (substituted-letter/SL) non-
word neighbor primes (e.g., bamp-CAMP; bontrast-CONTRAST)
are weak or absent when the prime and target are drawn from
high-density neighborhoods (Forster, Davis, Schoknecht, &
Carter, 1987). In Semitic languages like Arabic, the lexical space
is structured around the triconsonantal root, and it is densely
populated by TL (as well as SL) neighbor roots. In lexical decision
then, TL priming effects are difficult to observe in Semitic lan-
guages, as has been shown repeatedly by Frost and colleagues
(e.g., Velan & Frost, 2009, 2011) in Hebrew, and in Arabic by
Perea et al. (2010), and in the present experiment. In this view, the
cross-language contrast in the finding of TL priming effects in
lexical decision is due to the density of lexical space, and the
structure of the orthographic representations that comprise the
lexical space. In English and other European languages written in
the Roman alphabet the orthographic representations that consti-
tute the lexical space are a linear sequence of abstract letter
identities. This lexical space is sparsely populated by TL neigh-
bors. In contrast, the Semitic morphological structure is nonlinear,
with the word pattern interleaved with the triconsonantal root. The
lexical space is organized around the triconsonantal root, and is
densely populated with TL neighbors.
A further implication of the Bayesian Reader view of masked
priming is that if we were to use a task that does not engage the
lexical access process, such as the same–different match, the
otherwise pervasive effects of the Semitic morphological structure
should have little impact. As noted, in this task, the input is not
matched against the whole lexicon, but only against the single
referent item. Because the priming effects should now reflect the
matching process against the prelexical orthographic representa-
tion consisting of abstract letter identities we should see the
emergence of TL-priming which should then be modulated by
allographic variation. This is the goal of Experiment 2.
Experiment 2
This experiment used the same–different match task to test
whether the TL priming effect is modulated by allographic varia-
tion in Arabic words. In this task, participants are first presented
with a referent and are asked to decide whether a subsequently
presented target is the same as or different from, the referent. The
masked priming procedure is otherwise identical to that used in the
lexical-decision task with a forward mask consisting, in this case,
of 22 vertical lines, followed a briefly presented prime that is in
turn backward-masked by the target so that participants are un-
aware of the identity of the prime. According to the noisy channel
Bayesian Reader view (Norris, 2006; Norris & Kinoshita, 2012a),
TL priming effects in this task arise because in the brief time the
prime is available for processing, the spatial position of adjacent
letters, and hence their relative order, is uncertain. As noted,
allographic variation in Arabic is position-dependent, with some
letters changing shape depending on their position within a word.
Friedmann and Haddad-Hanna’s (2012) findings suggest that Ar-
abic readers suffering from Letter Position Dyslexia use allo-
graphic variation as a cue to reduce the uncertainty in letter
position, as the letter form can provide a cue regarding the letter’s
position. A prediction that follows from this is that allographic
variation would modulate the TL priming effect such that the
effect would be reduced when allographic letters are transposed
compared with when nonallographic letters are transposed. In
addition, our letter transposition manipulation always involved
root letters. Hence the experiment also served as a replication of
Perea et al. (2011, Experiment 1), testing their claim that the
same–different task is sensitive to morphology and hence TL
priming effect would be absent when the transposition involves
root letters.
Method
Participants. Sixty-seven female volunteer students from the
United Arab Emirates University participated in the experiment.
They were aged 20–24 and were native speakers of dialectal
Emirati Arabic. They all used Modern Standard Arabic on a daily
basis, and had normal or corrected-to-normal vision. The sample
size was guided by, and is much greater than, previous studies of
TL priming same–different experiments in Arabic (Perea et al.,
2011, 20 participants).
Stimuli and design. The stimuli and design for the same
response trials were identical to those used in Experiment 1 for the
yes-response except for the use of the target items as a reference
for the same response condition. Table 5 displays sample stimuli
used in this experiment.
For the different response condition, we matched another 60
words to those used in the same response condition and used them
as targets. These targets ranged in length between five and eight
letters (mean 6.35 letters), with an average frequency of 16.86
(range: .03–237.42). They were based on six different verb word
patterns with an average frequency of 4193 (range: 2.41–26265).
The construction of the transposed and substituted letter with and
4 We compared this with the case in English by transposing the letters of
592 three-letter English words from the Celex database (Baayen, Piepen-
brock, & Guilikers, 1995). Each base word gave rise to five possible
permutations with a total of 2900 unique permutations (excluding repeats
from items like mum and pip). Of these 2900 items, only 193 corresponded
to existing words (e.g, cat-act; apt-tap). This means that letter transposition
in English results in an existing word only 6.65% of the time, suggesting
a lightly populated lexical space.
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without allography conditions as well as the construction of the
unrelated and identity primes was identical to that of the trials in
the same response condition. For the TLAllog condition, the
allographic changes consisted of letter form changes in 42.54% of
the items, of ligation changes in changes 22.24% of the time, and
of a combination of ligation changes and blank space relocation in
35.22% of the items. For SLAllog, 10.75% of the changes were
letter form changes, and another 10.75% were ligation changes,
while the remaining 78.51% were a combination of ligation
changes and blank space relocation. Additionally, the substituting
and the substituted letters were from the same letter Group 9.40%
of the time, whereas for the SLAllog condition the manipulated
letters came from the same letter Group 21.34% of the time. The
different response reference items consisted of a further 60 words
with an average length of 6.25 letters (range: 4–8) and an average
frequency of 22.18 (range: .03–244.73). To maximize the differ-
ence between the reference words and their associated targets, the
references were built using as many verb word patterns as possi-
ble—more specifically, using 12 of the 15 patterns existing in the
language. Their average frequency was 4592 (range: 2.14–26265).
A series of paired t tests revealed no differences between the
experimental items in the various conditions in terms of their
distributional characteristics (all ps 
 .5).
Six experimental lists were constructed so that each target
appeared once in each set, but each time in a different priming
condition. Different groups of participants were randomly as-
signed to each list. The full list of stimuli is in Appendixes A1
and A2.
Procedure. The general procedure was identical to that in
Experiment 1 with the exception that each trial began with the
presentation of a reference stimulus in 36-point Arabic font above
a forward mask consisting of 22 vertical lines (ااااااااااااااااااااا) in a
48-point Arabic font size for 1,000 ms. Next, the reference disap-
peared, and the forward mask was replaced by a prime in 24-point
Times New Roman Arabic font presented for 50 ms. Then, the
prime was replaced by the target word in 36 Times New Roman
Arabic font size. The target remained on the screen either until the
participant’s response or for 2,000 ms, whichever occurred sooner.
Participants were instructed that they would see strings of Arabic
letters and that their task was to press the button marked “YES”
with their right index finger if the reference and target were the
same, and the button marked “NO” with their left index finger if
the reference and target were different. Participants were instructed
to make this decision as rapidly and as accurately as possible.
When debriefed at the end of the experiment, none of the subjects
reported conscious knowledge of the priming items. Each partic-
ipant received a different order of trials. The experiment began
with 32 practice trials with properties similar to those of experi-
mental trials followed by experimental trials. The whole session
lasted approximately 12 min.
Results
The analysis of RTs and errors followed the same procedure as
Experiment 1 and revealed an overall error rate of 5.17% for the
same response data (5.14% errors and .024% outliers). For the
different response data, 4.70% of the overall data were excluded
(4.67% errors and .024% outliers). Mean RTs and error rates for
the Same and Different trials are shown in Table 6.
Same responses. As in the previous experiment, we analyzed
the four critical conditions (i.e., TLAllog; SLAllog, TL
Allog, and SLAllog) using a linear mixed effects modeling
approach. We examined the shape of the RT distribution of the
correct trials requiring the SAME response (a total of 2680 obser-
vations for the four conditions under consideration), and log-
transformed them to best approximate a normal distribution, and to
meet the assumption of the linear mixed effects model. We then
fitted the full random structure linear mixed effects model with
RTs on the previous trial (PrevRT) as fixed factors and a full
factorial combination of Type of Change (i.e., Transposed vs.
Substituted), and Allography (i.e., plus allography vs. minus al-
lography; both of which were deviation-contrast coded) and ran-
dom intercepts and slopes for subjects, prime words and target
Table 5
Sample Stimuli Used in Experiment 2
Stimuli Same Different
Reference ون ي ون ي
ysʕduun yxlduun
‘be happy’ ‘be eternal’
Prime
1. Identity ون ي ون ي
ysʕduun yxlduun
‘be happy’ ‘be eternal’
2. TLAllog ون ي ون ي
ysdʕuun ylxduun
3. TLAllog ن ي ن ي
ysdʕuun yxdluun
4. SLAllog ون ي ون ي
yʃγduun yðʕbduun




Target ون ي ن ي
ysʕduun yntfʕuun
‘be happy’ ‘benefit’
Note. Examples are in Arabic script with a transliteration and an English
gloss where appropriate (the asterisk indicates a nonword).
Table 6
Mean Response Latencies (RT, in ms), Percent Error Rates (in
Parentheses), and Magnitude of Facilitation (Priming in ms) in
Experiment 2 (Same–Different Task With Words)
Response and prime type Same Different
1. Identity 494 (5.07) 618 (5.67)
2. TLAllog 486 (4.78) 613 (4.93)
3. SLAllog 545 (4.63) 620 (4.48)
TL priming effect: SLAllog
minus TLAllog 59 8
4. TLAllog 517 (3.28) 614 (5.67)
5. SLAllog 556 (3.43) 606 (4.33)
6. Baseline 570 (9.70) 627 (3.13)
TL priming effect SLAllog
minus TLAllog 39 8
Note. TLAllog  Transposed Letter prime without allography;
TLAllog  Transposed Letter prime plus allography; SLAllog 
Substituted Letter prime without allography; SLAllog  Substituted
Letter prime plus allography.
738 BOUDELAA, NORRIS, MAHFOUDHI, AND KINOSHITA
words. If the full random structure model failed to converge, we
trimmed it until it did. After removing RTs on error trials from
both the current and previous trials, there were 2573 data points,
with 67 subjects and 40 targets.
The main effect of Type of Change was significant, F(1,
76.11)  59.008, p  .001, indicating a significant TL priming
effect overall. Similarly, the main effect of Allography was also
significant, F(1, 172.87)  13.607, p  .001], as was that of
PrevRT, F(1, 2501.68)  46.526, p  .001. More importantly, the
interaction between Type of Change and Allography was also
significant, F(1, 173.95)  4.260, p  .04, as indicated by the
reduced TL priming effects in the Allography condition shown
in Table 6. Pairwise comparisons using Bonferroni-Holm tests
yielded a statistically reliable difference between TLAllog and
SLAllog (p  .001) and the TLAllog and SLAllog (p 
.001).
We then ran two models. The first focused on the TLAllog
and the SLAllog conditions to assess whether Form of Allogra-
phy (i.e., letter shape change, ligation change and blank location
change) modulated response times differently. The results revealed
that Type of Change (i.e., letter transposition vs. letter substitution)
had a significant effect, F(1, 56.50)  25.159, p  .001, whereas
Form of Allography, F(2, 53.07)  .994, p  .38, and the two-way
interaction Type of Change by Form of Allography, F(2, 68.64) 
.739, p  .48, did not. The control variable PrevRT had a signif-
icant effect, F(1, 1243.62)  47.126, p  .001. The second model
focused on the two SL conditions with a view to determining
whether response latencies were differentially modulated by Letter
Group, that is by whether the substituted letters belonged to the
same letter group or not. The results indicated that while the effects
of Allography, F(1, 5.55)  1.231, p  .27, and the interaction
between Allography and Letter Group, F(2, 111.04)  1.277, p 
.28, were not significant, those of Letter Group, F(3, 69.98) 
4.493, p  .006, and PrevRT, F(1, 1231.99)  42.969, p  .001,
were reliable.
Turning to the errors in the same response data, we used a logit
mixed model approach as in Experiment 1, with the same fixed and
random factors as used in the RT model except for PrevRT. This
analysis revealed no significant effects of Type of Change
(t  1.475, p  .14), Allography (t  .415, p  .69), or the
interaction between them (t  1.238, p  .22). We also carried out
two sets of analyses with the same structure as above except that
the first focused solely on the TLAllog and the SLAllog
conditions, and included only Type of Change and Form of Al-
lography as fixed factors, while the second focused on the two SL
conditions and included only Allography and Letter Group as fixed
factors. For the first model, the results showed that neither Type of
Change (t  .417, p  .68), Form of Allography (t  .123, p 
.90), nor the interaction between them (t  0.248, p  .80) was
reliable. Analogously, the second model also revealed no signifi-
cant effects for Allography (t  1.283, p  .20), Letter Group
(t  1.182, p  .28), or their two-way interaction (t  1.448,
p  .15).
Finally, we computed the Bayes factor to quantify the amount of
evidence for the two-way interaction Type of Change  Allogra-
phy by comparing two mixed-effects models that differed in the
inclusion of this interaction term. Model 1 was the mixed effects
model described above, while Model 2 did not include the two-
way interaction. We then used the “compare” function with the
default JZS prior to calculate the Bayes factor with Model 2 as the
denominator. The Bayes factor was 21 	 5.24%, suggesting very
strong evidence for the interaction—that is for the hypothesis that
the magnitude of priming was modulated differently by allogra-
phy.
Different responses. The same statistical analyses as above
were applied to the Different trials, and consistent with the liter-
ature (Norris & Kinoshita, 2008), revealed no effects either for
Type of Change, F(1, 173.77)  .056, p  .81, Alllography, F(1,
178.39)  2.073, p  .15, or their interaction, F(1, 18.17)  .330,
p  .57. The analysis of the potential effects of Form of Allogra-
phy in the context of the TLAllog and the SLAllog conditions
revealed no significant effects for Type of Change, F(1, 59.76) 
0.211, p  .65, Form of Allography, F(2, 78.96)  1.473, p  .24,
or the interaction between them, F(2, 107.75)  2.257, p  .11.
The only significant effect was that of the control variable PrevRT,
F(1, 1218.12)  40.809, p  .001. Similarly the analysis focusing
on the two substituted letter conditions revealed no significant
effects for Allography, F(1, 56.34)  1.7814, p  .19, Letter
Group, F(2, 115.40)  0.3204, p  .726, or their interaction, F(2,
120.58)  2.5943, p  .08; only the effects of PrevRT were
significant, F(1, 1263.89)  20.7096, p  .001.
The error responses to Different trials were also submitted to the
same logit model as those of the Same responses. The effects of
Type of Change (t  1.475, p  .14), Allography (t  .415,
p  .69), and their interaction (t  1.238, p  .22) were not
significant. Further post hoc analyses of the two allography con-
ditions (i.e., TLAllog and SLAllog) yielded no significant
effects of Type of Change (t  0.341, p  .74), Form of
Allography (t  1.192, p  .23), or their interaction (t  1.285,
p  .20). Similar analyses of the two SL conditions indicated that
the effects of Allography (t  1.161, p  .25), Letter Group
(t  1.544, p  .12) and their interaction (t  1.257, p  .21)
were not significant.
Discussion
The results of this experiment are clear: In Arabic, the same–
different matching task reveals a robust TL priming effect that is
modulated by allographic variation. This finding contrasts with the
extant literature on Arabic word recognition in two respects. First,
the finding of TL priming effect in the same–different task when
the transposed letters are root letters is at odds with the absence of
such an effect reported by Perea et al. (2011). The present finding,
however, replicates the effects reported by Kinoshita et al. (2012)
for Hebrew, another Semitic language, but with a much more
limited position-dependent allography. Surprisingly our results
also suggest that the different forms of allography (i.e., form
change, ligation change, and blank space location) do not exert
differential modulatory effects on priming. There was no signifi-
cant interaction between Type of Change and Form of Allography
for either the latency or error data, and there was an absence of an
effect for Form of Allography. However, this finding needs to be
interpreted with caution because it is based on post hoc analyses
with unmatched numbers of observations. For instance, 42.5% of
the allographic changes pertained to changes in Letter Form in the
TLAllog condition but only 1.69% were Letter Form changes in
the SLAllog condition. With respect to the effects of Letter
Group, our post hoc analyses suggest however that this variable
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can modulate the effects of letter substitution, with letters substi-
tuted from the same letter group yielding more priming than those
substituted from a different group. Although this outcome makes
intuitive sense, it has to be interpreted cautiously for a number of
reasons. First, our experiment was not specifically designed to
evaluate the effects of Letter Group. Second, the effects of this
variable were not significant in either Experiment 1 or Experiment
2. Finally, these effects are inconsistent with a recent report by
Perea et al. (2016), who showed that priming effects in Arabic did
not vary as function of Letter group membership: A target like
ي sʕfyyt ‘journalist’ has comparable latencies when preceded
by an SL prime from the same Letter group (e.g., ي  sʕxfyt) or
a different Letter group (e.g., ي  sʕkfyt), suggesting that infor-
mation about the dots is rapidly uptaken by the lexical processing
system. The foregoing discussion illustrates the elusive nature of
letter group effects and calls for further work to elucidate the true
role of this variable.
The TL priming effect in the same–different task is interpreted
as having its origin in the noisy perception of letter order, and is
not assumed to be a consequence of the structure of the language
(cf. Gómez et al., 2008; Kinoshita & Norris, 2009). In the same–
different task, which does not require lexical access, TL priming
effects are unaffected by morphological structure (Kinoshita et al.,
2012). This contrasts with tasks such as lexical decision where
morphological structure does influence processing at an early
stage, and where integration of evidence about roots and word
patterns is crucial to making the decision. This is well documented
in the work of Boudelaa and Marslen-Wilson (2005), who reported
strong root priming effects at an SOA of 32 ms in Arabic, and the
work of Friedmann and Gvion (2001), who described two Hebrew
patients with peripheral dyslexia whose migration errors were
significantly modulated by the morphological structure of the
word. Our point here is that word recognition is a dynamic process
during which evidence is accumulated to implement a task-driven
decision. In the same–different match task, the decision concerns
whether the target item matches a single reference item. Masked
priming in this task is insensitive to the morphological structure
(Duñabeitia et al., 2011), and (in the brief period of time that the
prime is available) the prime is coded as a linear sequence of
abstract letter identities. In contrast, in lexical decision, the deci-
sion is heavily based on whether the target item matches (any)
item(s) in the lexicon, which, in Semitic languages, is organized in
terms of nonconcatenative roots  word patterns. Thus during this
task, the linguistic processor has to constantly gather evidence
about roots and word patterns, and evaluate (a) whether these two
components exist in the lexicon, and (b) whether their combination
is licensed—that is, a real word and not a morphologically struc-
tured pseudoword. It is the ubiquitous morphological structure that
characterizes Arabic words and the TL and SL nonwords as used
here that determines the organization of the lexicon, triggers mor-
phemic parsing in any task requiring lexical access, and ultimately
imposes higher decision criteria during lexical decision.
The present finding of robust TL priming effects in Arabic with
the letter transposition manipulation involving the root letters
reinforces this interpretation. It argues against Perea et al.’s (2011)
interpretation that Semitic morphology modulates TL priming
effects in the same–different task. Given the many differences
between our study and Perea et al.’s, particularly their failure to
control important properties of the stimuli including the position-
dependent allography, it is hard to pinpoint why TL priming was
absent in their study. One plausible explanation for this discrep-
ancy between the two studies however is that we used more than
twice the number of participants they did, and it may well be that
their study lacked the necessary power to detect significant TL
priming.
Second, and more importantly, this is the first demonstration
that allographic variation modulates masked priming effects. On
the surface, this finding seems to contrast sharply with those
reported by Carreiras, Perea, and Abu Mallouh described earlier.
On a closer look, however, there is no real discrepancy between
our results and theirs. Recall that Carreiras et al. (2012, 2013) used
single letters and found that the visual similarity of allographs did
not modulate the size of identity priming effects. Presented as a
single letter, allographic variation in Arabic has nothing to say
about letter position and hence it is not surprising that the visual
similarity manipulation functioned just like the visual similarity of
the allographs in the Roman alphabet (e.g., a/A vs. c/C) reported by
Kinoshita and Kaplan (2008). In a different study using the lexical-
decision task, Perea et al. (2013) did use word stimuli and manip-
ulated the visual similarity of allographs substituted in the prime,
and still found that it did not modulate the size of priming. As also
noted, however, the critical allograph similarity manipulation con-
cerned nonroot letters and the task used by Perea et al. was lexical
decision, so the absence of the allograph similarity effect can be
explained in terms of the view that lexical processing in Arabic is
tuned to pick up root consonants (Boudelaa & Marslen-Wilson,
2005, 2013, 2015).
Experiment 3
Experiment 2 used stimuli that consisted of words as referents
and targets to show that TL-priming effects were modulated by
allographic changes caused by letter transposition. Experiment 3
strengthens this case by showing that priming in the same–
different matching task obtains even with nonword stimuli thus
reinforcing the claim that the position-dependent allography im-
pacts prelexical orthographic representations.
Method
Participants. Sixty-two female volunteer students from the
same population as in Experiments 1 and 2 took part in this
experiment. They were 20 to 24 years of age and were native
speakers of dialectal Emirati Arabic who used Modern Standard
Arabic on a daily basis, and had normal or corrected-to-normal
vision. The choice of this sample size was informed by common
practice in the field.
Stimuli and design. A 60 nonword set was used in the same
response. It was built by changing one to two consonant letters in
an existing word to create an ortho-tactically legal nonword rang-
ing between five and eight letters in length (mean: 6.13). They
were formed using five different word patterns with an average
frequency of 7499.86 (range: 4.85–26265). The construction of the
transposed and substituted letter with and without allography con-
ditions as well as the construction of the unrelated and identity
primes was identical to that of the trials in the same response
condition of Experiment 2. For the TLAllog condition, the
allographic changes were letter form changes 55.32% of the time
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and ligation and blank space location changes 44.68% of the time.
For the SLAllog condition these changes were letter form
changes 1.96% of the time and Ligation and blank space location
changes 98.39% of the time. Additionally, the substituted letters in
this condition did not belong to the same letter group. The same
holds for the SLAllog, where none of the substituted letters came
from the same letter group.
The different response set consisted of another 60 nonwords
also built by changing one to two consonants of an existing word
to form a legal orthographic string. They ranged in length between
5 and 8 letters (mean 6.25 letters). These items were based on five
different verb word patterns with an average frequency of 6652
(range: 4.85–26265). The construction of the transposed and sub-
stituted letter with and without allography condition as well as the
construction of the unrelated and identity primes was identical to
that of the trials in the same response condition. The different
referents were made up of a further 60 nonwords with an average
length of 6.22 letters (range: 5–8), also built by changing one or
two letters of an existing word. Seven different verb word patterns
were used with these items with an average frequency of 1573
(range: 4.85–26265). Where the form of allography is concerned,
the changes in the TLAllog condition consisted of letter form
changes 50.16% of the time and ligation and blank space reloca-
tion 49.84% of the time. In the SLAllog, the changes were letter
form changes 1.61% of the time, ligation changes 82.58% of the
time, and ligation and blank space relocation 15.81% of the time.
Further, in this condition, the proportion of the substituted letters
belonging to the same letter group was 1.61%, whereas for the
SLAllog, this proportion was 21.61%. Six experimental lists
were constructed so that each target appeared once in each set, but
each time in a different priming condition as illustrated in Table 7.
Different groups of participants were randomly assigned to each
list.
Procedure. This was identical to Experiment 2.
Results
Applying the same pruning procedure as in the previous two
experiments resulted in the exclusion of 7.15% of the data points
(7.07% errors and .08% outliers) from the same response data, and
5.99% for the different response data (5.91% errors and .08%
outliers). This left 2331 data observations in the four conditions of
interest. We fitted the full random structure model with Type of
Change (TL vs. SL), Allography (Allog vs. Allog), their
interaction, previous trial RT (PrevRT) as fixed factors, and Sub-
jects, Primes, and Targets, as random factors each with a random
intercept and random slope. When the full structure model did not
converge, we pruned it by removing interactions between random
factors until it did, and the results we report are all of models that
converged. Mean response latencies, magnitude of priming and
error rates are presented in Table 8 for the same and different
response trials.
Same responses. The latency data analysis revealed the main
effect of Type of Change to be significant, F(1, 228.63)  23.582,
p  .001. Likewise, the main effect of Allography was significant,
F(1, 71.91)  20.177, p  .001, and most importantly, the two-
way interaction Type of Change by Allography was also signifi-
cant, F(1, 199.58)  10.407, p  .001. Pairwise comparisons
contrasting TLAllog with SLAllog and TLAllog with
SLAllog using Bonferroni-Holm protection levels, revealed that
while TLAllog was significantly different from SLAllog [p 
.001], the two Allog conditions did not differ significantly from
each other (p  .65). Further post hoc analyses focusing on the two
allographic conditions (i.e., TLAllog and SLAllog) showed the
effects of Type of Change (i.e., TL vs. SL) to be nonsignificant,
F(1, 143.22)  1.050, p  .31, and neither were the effects of
Form of Allography, F(2, 237.44)  0.699, p  .50, nor those of
their interaction, F(2, 94.12)  0.296, p  .74. In this model, the
only significant effect was PrevRT, F(1, 1108.83)  7.4370, p 
.006. Focusing on the effects of Letter Group within the two-letter
substitution conditions revealed no reliable effects for Allography,
F(1, 43.12)  1.232, p  .27, or Letter Group, F(1, 39.58) 
1.148, p  .29. There was however a reliable effect of PrevRT,
F(1, 1055.60)  3.8150, p  .05.
The accuracy data were submitted to a logit mixed model with
the same fixed factors as before (excluding previous trial RT). The
effects of Type of Change were nearly significant (t  1.911,
p  .06), while those of Allography (t  0.698, p  .49) and the
interaction between Type of Change and Allography (t  1.326,
p  .18) were not. Pairwise post hoc Bonferroni-Holm corrected
analyses revealed there to be no difference between any two
combinations of the four condition in terms of error rates. We also
evaluated the effects of Form of Allography in the context of the
TLAllog and the SLAllog conditions and found that the effects
of Type of Change (t  0.698, p  .49), Form of Allography
(t  1.515, p  .130), and the interaction between them
(t  0.505, p  .61) were not significant.
Finally, we calculated the Bayes factor for the interaction by
comparing our main model, which included the interaction Type of
Change  Allography with a model that did not include this
interaction as the denominator. The results of this analysis suggest
that there was evidence for this interaction with odds equaling 7.96
	 2.37%. This is consistent with the results of Experiment 2 and
suggests that the data provide reliable evidence for the hypothesis
that Allography modulates the amount of TL priming effects in the
same–different matching task in Arabic.
Different responses. Data from the different response trials
were analyzed in the same way as the same responses. Consistent
Table 7
Experiment 3 Sample Nonword Stimuli in Arabic Script
and Transliteration
Stimuli Same Different
Reference ت ه ا ون
ʔnkhzt tjγduun
Prime
1. Identity ت ه ا ون
ʔnkhzt tjγduun
2. TLAllog ت ه ا ون
ʔnhkzt tγjduun
3. TLAllog ه ا ن
ʔnkzht tjdγuun
4. SLAllog ت ا ون
ʔntʕʕzt tðʕfduun
5. SLAllog ا ن
ʔnkltʕt tjnluun
6. Baseline ي ه أ
ytxaaqm ʔlʕkhaa
Target ت ه ا ا
ʔnkhzt ʔnfʃkn
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with the literature (Norris & Kinoshita, 2008), and with Experi-
ment 2, the results revealed no significant effects of Type of
Change, F(1, 85.59)  0.487, p  .49, Allography, F(1, 76.81) 
1.066, p  .31, or their interaction, F(1, 240.22)  0.768, p  .38.
The control variable PrevRT was significant, F(1, 2204.52) 
63.271, p  .001. Pairwise comparisons between the four condi-
tions (i.e., TLAllog, TLAllog, SLAllog and SLAllog) us-
ing the Bonferroni-Holm correction revealed no significant differ-
ences whatsoever (all ps  .1).
A comparison of the two allography conditions (i.e., TLAllog
and the SLAllog) to determine whether the different manifesta-
tions of allography modulated response time revealed no effects
either of Type of Change, F(1, 269.20)  1.897, p  .17, Form of
Allography, F(3, 116.99)  0.238, p  .87, or their interaction,
F(2, 115.10)  0.253, p  .78. The only significant effect to be
found here was PrevRT, F(1, 1116.10)  21.613, p  .001.
Error responses to Different trials were also analyzed using the
same logit approach used with the same response trials. The effects
of Type of Change (t  1.940, p  .05), Allography
(t  0.428, p  .67), and their interaction (t  1.472, p  .14)
were not significant. Similar results emerged from the analysis of
the two allography conditions with Type of Change (t  1.775,
p  .08), Form of Allography (t  0.980, p  .33), and their
two-way interaction all failing to show any significant effects (t 
0.901, p  .37). Similarly, the analysis of the two transposition
conditions (i.e., SLAllog and SLAllog) revealed no significant
effects for Allography (t  1.102, p  .27) or Letter group
(t  0.815, p  .42).5
Discussion
Kinoshita and Norris (2009) suggested that the same–difference
matching task taps prelexical representations. If this is the case in
Arabic, then the TL priming effects observed in Experiment 2
should also be found in Experiment 3. The results clearly indicate
that TL priming effects in nonwords are similar to those observed
with words and are significantly modulated by allographic varia-
tion, in the sense that the critical two-way interaction between
Type of Change and Allography proved to be significant in both
Experiments 2 and 3. Our post hoc analyses also suggest that Form
of Allography (i.e., change in letter from, change in ligation, or
blank space location) are treated as functionally equivalent in
terms of changing the overall appearance of the word. Transposed
and substituted letter words are not perceived as more similar or
more different depending on whether the experimental manipula-
tion caused changes in letter form, letter ligation, or blank space
location. These analyses further suggest that the variable Letter
Group requires further investigation to determine the extent to
which it may or may not modulate the effects of letter substitution.
The main conclusion one can draw from this experiment is that
masked priming in the same–different task does not operate on
representations higher than letters in Arabic, as claimed by Perea
et al. (2011). One reason for the discrepancy between the present
results and Perea et al.’s may be, as we suggested above, that they
did not control for allographic variation. Another reason may be
that they sometimes manipulated a matres lectionis letter which
can be read as a vowel or consonant depending on its position in
the word. The results of a recent study by Kinoshita et al. (2012)
using the same–different matching task with Hebrew words and
nonwords are in keeping with the outcomes of this experiment.
Both that study and the present experiments indicate that provided
that the influence of position-dependent allography is controlled,
even when the letter transposition manipulation is applied to the
root letters, TL priming effects emerge in the same–different task
thus indicating that this task operates on prelexical representations.
Combined Analyses of Experiments 1 and 2
In this section, we report an analysis of the data from the four
conditions of interest (i.e., TLAllog, SLAllog, TLAllog, and
SLAllog) using the word response data of Experiment 1 and the
same response data of Experiment 2 to better understand the
change in the pattern of priming across the two tasks. To perform
this between-experiment comparison, response times for each par-
ticipant were transformed into z-scores (i.e., RTs for target words
were expressed as a number of standard deviations greater or less
than each participant’s mean) to remove differences between par-
ticipants in the speed or variability of their responses (Davis,
Marslen-Wilson, & Gaskell, 2002; Zwitserlood, 1989). We took
the same approach as before, fitting the full structure model and
pruning as necessary until the model converged. The main effects
of Type of Change, F(1, 157.4)  32.413, p  .001, and Allog-
raphy F(1, 245.7)  7.951, p  .005, were significant. Apart from
the two-way interaction Type of Change by Task, F(1, 157.1) 
10.851, p  .001, neither the two-way interaction Type of Change
by Allography, F(1, 146.0)  .736, p  .392, nor Allography by
Task, F(1, 346.1)  .704, p  .40, nor the three-way interaction
Type of Change  Allography  Task, F(1, 234.7)  1.581, p 
.21, was significant. The significant interaction between Type of
Change and Task suggests that the effects of allographic variations
are modulated by task demands. Previous experimental research
corroborates this and suggests that the masked priming lexical-
decision task in Arabic engages lexical access processes which
project orthographic input onto internal representations that are
defined particularly in terms of root morphemes (Boudelaa &
Marslen-Wilson, 2005, 2015; Gwilliams & Marantz, 2015; Prunet,
Béland, & Idrissi, 2000). This morphological configuration of the
Arabic lexical space brings new processing demands to bear on the
5 Because of a rank deficiency issue in the matrix of the fixed-effect
model, the interaction term was not estimated.
Table 8
Mean Response Latencies (RT, in ms), Percent Error Rates (in
Parentheses), and Magnitude of Facilitation (Priming in ms) in
Experiment 3 (Same–Different Task With Nonwords)
Response and prime type Same Different
1. Identity 539 (4.52) 620 (5.97)
2. TLAllog 535 (5.00) 619 (7.58)
3. SLAllog 582 (7.58) 626 (4.68)
TL priming effect: SLAllog
minus TLAllog 47 8
4. TLAllog 580 (6.45) 617 (6.45)
5. SLAllog 591 (6.45) 608 (5.32)
6. Baseline 596 (12.42) 620 (5.48)
TL priming effect SLAllog
minus TLAllog 11 9
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implementation of the lexical-decision task in the context of Ar-
abic: It has to be implemented on the basis of lexical information
that corresponds to the root. Any manipulation that affects the root
identity either by transposing or substituting its component letters
as we did here will result in a new root that will not be considered
by the language processor to be any more similar to the base root
than any other random root. For instance, the TL root {tkb} and the
substituted letter root {xjb} will not be any closer in lexical space
to the base root {ktb} than the random root {hnf}. This leaves little
room for TL-priming effects to emerge in Arabic. In contrast, the
same–different match task operates on prelexical representations
and does not engage lexical access processes hence manipulations
that alter the root letters are not detrimental to TL priming effects
since performance on the task is not contingent on morphological
structure.
General Discussion
The three experiments reported here provide new evidence that
addresses a number of important questions in visual word recog-
nition; in particular, whether TL priming effects in Arabic are
modulated by position-dependent letter shape change (allography)
and whether different processing dynamics are engaged by lexical
decision and the same–different match task. In what follows we
first discuss these issues in light of the new evidence our results
provide, then we consider the implications of these results for
current models of letter coding.
TL Priming Effects and Allography
The purpose of this research was to determine whether allo-
graphic variation plays a role in the orthographic processing of
Arabic and whether this role is modulated by task demands. Unlike
the Roman alphabet (uppercase and lowercase letters) used in
European languages, allographic variation in Arabic is position-
dependent. Using a masked priming lexical-decision task (Exper-
iment 1) our findings suggest that when the task engages lexical
access processes, the standard TL-priming effects routinely ob-
served in Indo-European languages are not found, nor are they
modulated by the change in shape of the letter as it is transposed
or substituted. In contrast, Experiments 2 and 3 using the same
different match task with words and nonword, respectively, clearly
show that robust TL priming effects are present in this task, and
that allographic variation modulates TL priming. Priming is re-
duced for letters that change shape (i.e., involve allographic vari-
ation). This result is significant, not only because it is the first such
finding in the literature, but also because it shows how the allo-
graphic variation in Arabic impacts on orthographic processing. As
discussed earlier, Friedmann and Haddad-Hanna (2012) reported
that letter migration errors in reading aloud in Arabic LPD (letter
position dyslexia) patients are reduced for words in which letter
transposition or letter substitution causes allographic changes in
their overall shape. The authors attributed this finding to the
position-dependent allography unique to Arabic. Our data indicate
that Friedmann and Haddad-Hanna’s (2012) results are not a
product of an immature reading process specific to individuals
with dyslexia relying more on “global, visual elements rather than
on abstract letter representations” akin to “visual, logographic
level of reading in the initial steps of learning to read” as suggested
by Perea et al. (2013, p. 571). Rather, their results, like ours, reflect
the adaptive use of linguistic knowledge to counter perceptual
uncertainty.
Our results are also consistent with the Uyghur data we men-
tioned above (Yakup et al., 2014, 2015). These authors acknowl-
edged the role of position-dependent allography in letter position
coding in skilled readers based on the finding that reading of
“jumbled words” (words with internal letters rearranged) was
modulated by position-dependent allography. Yakup et al. (2015)
maintained that such effects would be difficult to demonstrate in
Arabic even though it uses the same script as Uyghur because of
its Semitic morphology and the predominantly consonantal sys-
tem. Our findings in Experiment 2 and 3 on the modulation of TL
priming by position-dependent allography in skilled readers of
Arabic clearly shows that these are not the limiting factors.
In most languages using a Roman script, and with the exception
of the first letter in a sentence or the first letter in a proper noun,
allographic variation does not convey any useful information about
either word identity or letter order. Consistent with this, readers
appear to rely entirely on a level of letter representation that
abstracts over these details. In contrast, allographic variation in
Arabic conveys important information about the order of letters
within a word and hence the identity of the word and, as shown by
the modulation of TL priming by allography, readers successfully
take advantage of that information to reduce positional uncertainty.
Allographic information must necessarily be associated with letter-
identity information. Therefore, Arabic readers must have access
to a representation that encodes order, identity, and allographic
information simultaneously. Note that this result should not be
taken to imply that there is not a level of abstract letter represen-
tation in Arabic. The final level of representation driving lexical
access must abstract over irrelevant visual details of the script such
as variations in font or size. The critical message from the present
study is that readers of Arabic are able to use information about the
allographic form of letters to constrain letter order which, early on
in processing, is ambiguous because of noise in the perception of
letter order.
Finally, the current set of experiments provides interesting sug-
gestions about two issues. The first is that the different manifes-
tations of allography (i.e., change in letter form, change in letter
ligation and change in blank space location with the word) appear
to be equally effective as cues to letter order in the same–different
task in Arabic. This finding suggests that the overall shape of the
Arabic word might contribute information to constrain the visual
processing of the letter string. A second suggestion relates to the
effects of letter substitution which do not seem to be modulated by
letter group. Specifically, SL primes in which the replaced letter
kept the same basic shape as the original letter (e.g., ون -aي
ون ي yʃγduun- ysʕduun ‘be happy’) did not prove to be more
effective at facilitating the target than substituted letter primes in
which the replaced letter was visually different (e.g., ون يه -
ون ي yhdʕruun-ystruun ‘cover’). This suggests that information
about diacritical marks plays a critical role in defining letter
identity and that the diacritics are processed as an integral part of
the letter. At a more general level, this finding sheds new light onto
the possible detailed specifications of the type of letter represen-
tation that needs to be mapped onto an ‘abstract letter level’ in
Arabic (cf., Perea et al., 2016 and Wiley, Wilson, & Rapp, 2016).
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Lexical Decision Versus Same–Different Match Task
In line with Norris and Kinoshita’s (2012a) noisy channel
model, we view the process of visual word recognition as a special
case of general object recognition, and that letter position coding
depends on the same processes as other forms of object position
coding. Because perception is noisy, both the letter identity infor-
mation and letter position information are initially ambiguous, but
become more certain as more perceptual information accumulates.
On the surface, the assumption that the same orthographic
representation is involved in lexical decision and the same–
different task may seem at odds with the fact that the pattern of
priming observed here in Experiment 1 and 2 were very different.
Note however that our theory of masked priming based on the
Bayesian Reader (e.g., Kinoshita & Norris, 2009; Norris & Ki-
noshita, 2008) makes it clear that priming effects are not task-
invariant. According to the Bayesian Reader, perception involves
Bayesian inference based on the accumulation of noisy evidence,
with the hypothesis for which evidence is accumulated being
determined by the goal of the task. In the context of masked
priming a second critical assumption is that the prime and target
are processed as a single perceptual object, and evidence from both
the prime and target continuously updates the posterior probability
of the hypothesis required to perform the task.
In lexical decision, the reader’s task is to decide whether the
input matches any item in the lexicon (i.e., it is “a word”). More
specifically, the task is to decide whether the input is more likely
to be a word than a nonword. The reader is assumed to continu-
ously sample from the input so as to home in on a sufficiently
small region of lexical space to determine whether the input is
more likely to be a word than a nonword. Accordingly, the evi-
dence needed to make a lexical decision is expected to depend on
the distributional characteristics of the lexical space. Specifically,
in Arabic, the lexical space is structured around the tri-consonantal
root system and the word pattern reflecting the standard Semitic
morphology. As mentioned earlier, the transposition of any two
letters of any Arabic root generates a hit (i.e., another existing root)
more than 50% of the time, and most importantly, it preserves the
typical Semitic morphological structure with a clearly identifiable
three letter pseudoroot interleaved with an existing word pattern.
This then is why, unlike English and other European languages
written in the Roman alphabet, TL priming effects are absent in
Arabic in lexical decision. The pervasive morphological structure
of Arabic means that, any point in lexical space will be dense.
Consequently, as with high-N words in English, there is little
scope for observing masked priming effects by orthographic
neighbors.
The situation with the same–different match task is different.
The decision, in this case, does not need to factor in information
about all the words in the lexicon, only about the referent. As a
consequence, the lexical status (whether the referent/target is a
word or a nonword) does not come into play, and as originally
demonstrated by Kinoshita and Norris (2009) with nonwords writ-
ten in the Roman alphabet, reliable identity and TL priming effects
are observed, as was found with the Arabic nonwords in the
present Experiment 3. Similarly, in contrast to lexical decision, the
density of the lexical space does not come into play; all the reader
needs to do is accumulate enough evidence to compare the likeli-
hood that the target has the same form as the referent with the
likelihood that it is different. This decision is based on the same
orthographic representation consisting of letter identity and letter
position information that serves as the input to lexical access, but
the same–different decision does not concern the words in the
lexicon, only whether it matches the referent string, in terms of the
letter identities contained in the referent string and their order.
Thus our results showing robust TL priming effects for Arabic
words and nonwords in the same–different task, and contrary to
the claim made by Perea et al. (2011), clearly point to the fact that
the same–different match task taps the same—prelexical—level of
representation in Arabic as it does in English or Hebrew, and that
performance in this task is not modulated by morphological struc-
ture. Finally, at this prelexical level, the TL prime containing
allographic variation (TLAllog condition) provides greater cer-
tainty that the letter order is different from the referent/target
string, resulting in reduced TL priming effects relative to the
TLAllog condition, that is, the modulatory effect of allographic
variation in TL priming of Arabic words and nonwords.
We also note that the two aspects of the present study illustrate
how cross-linguistic research contributes to the debate over a
“universal model of reading,” spurred on by Frost (2012).
Coltheart and Crain (2012) suggested that there is no property
shared by all of the world’s writing systems. On the other hand,
Kessler and Treiman (2015) pointed out that the fact that “writing
is designed to be taken in by the eye leads to some characteristics
that are essentially universal in modern writing” (p. 11). In this
context, it may be noted that the majority of contemporary writing
systems denote the order of letters in a linear spatial arrangement,
regardless of whether it is written from left to right (as in English
and other European languages), or right to left (as in Hebrew and
Arabic) or vertically with logograms or logographs (as in Chinese
or Japanese) the edge letter/logogram is the first letter/logogram,
the adjacent letter is the second letter/logogram, and so on. Robust
TL priming effects in the same–different task have now been
reported for Arabic, as well as for many other languages including
Hebrew, and European languages. This is consistent with our view
(Norris & Kinoshita, 2012b) that TL priming effects originate in
the uncertainty in the perception of letter order, due to the limits of
precision in the perception of the spatial location of closely ar-
ranged objects. In contrast, the modulatory effect of allographic
variation in TL priming observed in Experiments 2 and 3 sets
Arabic apart from other languages. It is important to note that
languages differ in many ways, and our results showed that it is not
the Semitic morphology but the position-dependent allography in
Arabic that is responsible for the modulation of TL priming effects
in the same–different task. Taken together these two aspects of the
results reinforce our view that in modeling orthographic process-
ing, both language-universal (perceptual) processes and the exact
nature of language-specific information used in the task need to be
considered.
Theoretical Implications
In this final section, we consider how current models of letter
coding might accommodate the kind of allographic effects we have
documented here. We first consider the spatial coding model
SOLAR (Davis, 2010). On this view, the relative position of
spatially distributed items is coded in terms of an activation
gradient decreasing across letter position with the highest values
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being assigned to the initial letter of the string and the lowest to the
last. In the Arabic word ون ي ysʕduun be happy, the first letter يـ
has the highest value, ـ ـ the second value, ـ ـ the third and so on
until the final letter ن which will be assigned the lowest value. The
model determines the degree of match between ون ي and its
TLAllog prime ون ي for instance by computing a Gaussian
function that reflects letter position uncertainty. These Gaussian
functions are then summed up to compute a superposition function
whose amplitude will correspond to the match value. A large
amplitude indicates a perfect match, whereas a low amplitude is a
sign of a poor match value. One further characteristic of SOLAR
is that the initial and final letters are explicitly tagged to capture
the fact that they are more accurately coded than internal letters at
least in Indo-European languages. In the context of Arabic, this
initial-final letter tagging procedures will need to be expanded to
tag all letter allographs as initial, medial, and final if the effects of
allography in Arabic are to be captured. Given this modification,
the spatial pattern to code the TLAllog pair ون ون-ي ي will
match perfectly because the transposed letters ـ ـ and ـ ـ will be
tagged as medial allographs in both cases. The spatial pattern
coding for the TLAllog pair ن ون-ي ,ي on the other hand,
will have a lower match value because there is a mismatch be-
tween ـ initial in the prime and ـ ـ medial in the target. A similar
argument can apply to the substituted letter condition where a
medial ـ ـ is replaced by a medial ـ ـ and a medial ـ ـ by a medial
ـ ـ in the SLAllog pair ون ون-ي ي thus preserving the overall
shape of the word in the SLAllog condition and leading to a
higher match score than the SLAllog pair رون -ي ون ي where
the medial, but nonconnecting letter ـ and the final letter ر
respectively, substitute for the medial letter ـ ـ and the medial/final
nonconnecting letter .ـ Thus tagging of letter allographs as initial,
medial, final and isolated could in principle allow SOLAR to
accommodate the presence of allographic effects in the same–
different match task. What is less clear, however, is the ability of
the model to capture the absence of TL-priming and allographic
effects in the lexical-decision task. Future developments of the
model will need to address this issue.
A second equally influential class of models is the open-bigram
model (Grainger & van Heuven, 2003; Grainger & Whitney,
2004). In the version developed by Grainger and Van Heuven
(2003), the model consists of three levels: An alphabetic array,
which is a bank of detectors that simultaneously process all char-
acters in the input and provides a retinotopic map of all characters
in a given string. This information is then fed to the second level
of the model, the relative position map, which consists of open
bigrams that code the relative position of the letters in the string
abstracting over surface form variations such as shape, size, and
location of the stimulus. The final level of the model is the
orthographic word where all words for which spelling is known
are represented. On this account the TLAllog prime ون ي
would have the open bigrams ـ ,aي ـ ,aي ,aي و يـ a, ,aيـaن ـ ,aـ ,aـ و ـ ,aـ
ن ـ ,aـ ,aـ ـaو ,aـ ـaن ,aـ ,aدو ,aدن ون and the TLAllog prime ن ي will
have the open bigrams: ـ ,aي ,aي ـ aـ ,aي و ,aيـ ـaن ,aي ,aـ ـ aـ ,aـ ـaو ,aـ ـaن ,aـ
ـ a ,aـ و ,aـ ن ,aـ a, ـaن a, .ون Accordingly, each of them shares 14 out
of its total 15 open bigrams with the target word ون‘ .’ي Because
the two types of primes show the same amount of open bigram
overlap with the target, they should be equally effective on this
account in facilitating the target word. This, as we saw above, is
clearly not the case. The same holds true of the SLAllog ون ي
and the SLAllog رون .ي With each of them sharing six of its 15
open bigrams with the target ون ,ي we are again led to expect
comparable priming behaviors contrary to what we actually ob-
serve. In sum, although it is true that the model rightly predicts less
priming in the substituted than the transposed letter conditions, it
clearly falls short of predicting the modulatory effects of allogra-
phy. One way around this would be to introduce an intermediate
level of representation between the alphabetic array and the rela-
tive position map to capture allographic forms. On this scenario the
TLAllog prime ون ي will share 14 open allographic bigrams
with the target ون ,ي whereas the TLAllog prime ن ي will
share only 9 such bigrams with the same target, rightly accommo-
dating less facilitation in the latter condition. The same applies to
the SLAllog and the SLAllog case where the introduction of
an intermediate level of allographic representation will allow the
model to capture the modulatory effect of surface from variation
because the SLAllog will share fewer of their allographic big-
rams with the target than SLAllog. In sum then, the introduction
of an intermediate allographic level of representation allows the
open bigram model to accommodate the present results. However,
despite this modification, and just like SOLAR, the open bigram
model remains unable to offer an account for why TL-priming
effects can be made to come and go in Arabic depending on the
task used.
The final family of models we consider is the class of models
that assume noisy perception of letter order, including the overlap
model (Gómez et al., 2008) and the noisy-slot Bayesian Reader
(Norris, Kinoshita, & van Casteren, 2010) and the noisy channel
(Norris & Kinoshita, 2012a) model. In itself, the idea that percep-
tion of order is noisy would be unable to explain the effect of
allography. Allography should have no effect on the noise in the
input. There must be some additional mechanism to take account
of the constraint that allography places on letter order. In the
noisy-channel Bayesian Reader, the model accumulates noisy sam-
ples from the input and uses them to construct a posterior distri-
bution of item identity and order; which items are present, and in
which order they appear in. An optimal Bayesian system should
use all available perceptual information to determine letter identity
and order. Allography provides a potentially important source of
information to constrain the order in which letters are likely
appear. That is, once allographic information becomes available, it
should modify the prior expectation of the order of letters in the
word. This conceptualization allows the Bayesian reader to natu-
rally capture allographic effects in Arabic.
Conclusions
The present paper provides evidence for the first time that
TL-priming effects occur in Arabic and that they are modulated by
allographic variation. The paper further demonstrates that these
effects can be made to come and go depending on task demands.
Collectively, these results pose a challenge to various letter-
position coding models that explain TL priming effects in terms of
specialized orthographic representations (e.g., SOLAR, open big-
rams), but can be satisfactorily accommodated by models that
assume the noisy perception of letter order (e.g., noisy slot Bayes-
ian Reader). Future simulation work will need to be carried out to
further refine our claims about orthographic coding schemes and
their cross-linguistic implications.
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Appendix A
Table A1
Stimuli Used for the Word Response in Experiment 1 and the Same Response in Experiment 2
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Table A1 (continued)

























































































































































































































































































































































Note. Stimuli are given in Arabic and in modified Buckwalter transliteration with the manipulated root letters in upper case.
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Table A2
Stimuli Used for the Nonword Response in Experiment 1
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Table A2 (continued)







































































































































































































































































































































































Note. In the appendices, the asterisk () represents the Arabic letter ذ and the tilde () represents gemination.
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Appendix B
Table B1
Stimuli Used for the Different Response in Experiment 2
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Table B1 (continued)














































































































































































































































































































































































































































Note. In the appendices, the asterisk () represents the Arabic letter ذ and the tilde () represents gemination.
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Appendix C
Table C1
Stimuli Used for the Same Response in Experiment 3
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Table C1 (continued)



























































































































































































































































































































































































Note. In the appendices, the asterisk () represents the Arabic letter ذ and the tilde () represents gemination.
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Table C2
Stimuli Used for the Different Response in Experiment 3
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Table C2 (continued)























































































































































































































































































































































































































Note. In the appendices, the asterisk () represents the Arabic letter ذ and the tilde () represents gemination.
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